Blue tides at the head of Tokyo Bay are a hydro-environmental phenomenon where seawater appears to be milky blue because of the reflection of the sunlight off surface water containing large amounts of sulphur particles. Its appearance is due to the coastal upwelling of bottom oxygen-depleted water induced by northeasterly wind-driven circulation. Blue tides cause the death of many shellfish and other aquatic animals across the head of Tokyo Bay and consequently result in substantial economic losses to coastal fisheries. This paper examines the occurrence of wind-driven blue tides in Tokyo Bay, based on a simplified hydrodynamic model and observational analysis. The model assumed a two-layer structure with a wind-driven upper layer and an oxygen-depleted lower layer. In this study, we derived a simple analytical solution to determine a critical wind condition for which the lower layer outcrops at the surface if the wind forcing is sufficiently strong, resulting in the mixing of the two layers and giving rise to blue tide. The results of sensitivity analyses of the analytical solution to all incorporated factors were found to be in accordance with a qualitative understanding of the blue tide phenomenon. More importantly, comparisons of observational data with real cases of blue tide during 1978-2016 and without blue tide during [2003][2004][2005][2006][2007][2008][2009][2010][2011][2012][2013][2014][2015][2016] suggested that this analytical solution was mostly valid. This study would be helpful for gaining a better understanding of the hydro-dynamical mechanism of blue tide.
Introduction
Tokyo Bay is a typical semi-enclosed embayment subject to eutrophication [1] [2] [3] . The input of nutrient loads, with available sunlight at the surface and suitable temperatures in spring or summer, promote the excessive growth and decay of phytoplankton [1, 2, 4] . When the phytoplankton die and fall into the lower water due to gravity, some are decomposed by bacteria at the bottom, and the nutrients contained in the organic matter are converted into inorganic forms [2, 5] . During this process, a large concentration of dissolved oxygen at the bottom is consumed, and the bottom water consequently becomes oxygen-depleted and even anoxic. On the other hand, along the seasonal temperature stratifications, fresh water inflows around the bay and intermittent precipitation result in a high-temperature, low-salinity upper water layer and a low-temperature, high-salinity lower water layer [6] [7] [8] [9] . As a result, a stable density stratification forms in which the lighter upper water overlies the heavier lower water, hindering the vertical circulation that brings dissolved oxygen from the surface to the bottom and thus enhances the oxygen-depleted state of the lower water [5, 8] . Under anaerobic water leads to the occurrence of blue tide. On the other hand, although the proposed analytical solution showed its validity, its comparison with real cases without blue tide was not performed in the study of Zhu and Yu [9] , which seemingly implies that the wind conditions presented by the analytical solution are not the critical conditions for the occurrence of blue tide at the head of Tokyo Bay. In this study, we relaxed the small-amplitude assumption and derived a simple analytical solution to determine the wind conditions for the occurrence of blue tide on the northeast shore at the head of the bay in the context of a two-layered fluid. Further, although the analytical solution is simple and based on some assumptions and simplifications, comparison of both real cases with blue tides during 1978-2016 and real cases without blue tides during [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] [2015] [2016] showed that it is mostly valid.
There seem to be few mesh-based numerical model studies to specifically investigate the critical wind conditions for the occurrence of blue tide at the head of Tokyo Bay. Compared to the numerical modelling approach and laboratory experimental approach, the analytical approach adopted in this study is able to roughly estimate the conditions under which blue tide occurs at the head of the bay with lesser computational cost, and it also helps us to gain a qualitative understanding of the factors that influence the occurrence of blue tide and what these effects are, based on some simplifications and assumptions. On the other hand, a numerical simulation with large computational cost seems to be incapable of achieving these aims.
This study is arranged as follows. Section 2 introduces a simple hydrodynamic explanation for the occurrence of blue tide at the head of Tokyo Bay and derives a simple analytical solution to determine a critical wind condition under which the lower layer outcrops, resulting in the mixing of the two-layered fluid and giving rise to a blue tide. Sensitivity analyses of the analytical solution to all the incorporated factors are also performed in this section. Section 3 presents the comparison of the proposed analytical solution with real cases of blue tides during 1978-2016 and without blue tides during [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] [2015] [2016] . Finally, a simple discussion and concluding remarks are given in Section 4.
Simple Explanation for Blue Tide Occurrence and Derivation of the Analytical Solution
As shown in Figure 1 , Tokyo Bay is located in the central part of the main island (Honshu) of Japan. The bay, bordered by the vast Kanto region to the north, the Boso peninsula to the east and the Miura peninsula to the west, is a semi-enclosed estuarine embayment that faces the Pacific Ocean through a narrow waterway (Kannonzaki to Futtsumisaki waterway). The length of Tokyo Bay's coastline is almost 890 km, and its area covers approximately 922 km 2 [26] . The bay stretches approximately 60 km along its major length and 20 km along its minor length, and the average water depth is 15 m, with the western side being deeper than the eastern side [1, 2, 26, 27] .
The analytical solution was based on the following two large simplifications:
(1) Although the actual coastline of Tokyo Bay is irregular, the chosen domain was considered to be a rectangular flat domain 50 km in length, 20 km in width and with an average water depth of 15 m, as indicated by three solid red lines and a dashed red line showing the imaginary southwest shore in Figure 1 . The remaining 10 km is the outer bay, which does not have not much exchange with the inner bay, as shown by many studies [15, 22, 26, 28] . Figure 2a schematically shows the dimensions of the chosen research domain, where L is the length, and in the right-handed Cartesian coordinate system, the x axis follows the northeasterly wind, the y axis is perpendicular to the length direction, and the z axis is positive in the upward direction relative to the quiescent surface water level; (2) A simple two-layered fluid model consisting of an upper wind-driven water layer and a bottom oxygen-depleted water layer was adopted to represent the actual stratified flow in Tokyo Bay. Similar studies have been carried out by Otsubo et al. [5] , Nakatsuji et al. [16] and Yoon et al. [17] [18] [19] . We attempted to present a conceptual interpretation for the occurrence of blue tide at the head of the bay from a hydrodynamic viewpoint. Considering a northeasterly wind across the entire bay, at short timescales, the influence of the Coriolis force could be negligible so that the wind-driven motion of the two-layered fluid can be considered to be in the x − z longitudinal section. As Figure 2b shows, the water layer beneath the surface will follow the northeasterly wind in the downwind direction, leading to the tilt of the surface with up on the southwest shore and down on the northeast shore. The rest of the water layer between it and the density interface will flow in the upwind direction. The pressure gradient due to the surface tilt will induce the bottom water to move towards the northeast shore, which induces the density interface to rise on the northeast shore and drop on the southwest shore. The direction of the tilt of the density interface is opposite to that of the surface. If the wind forcing is sufficiently strong, the density interface will intersect the surface. At this time, a large amount of hydrogen sulphide contained in the bottom water layer will meet oxygen at the surface, and as a result, the blue tide phenomenon can occur on the northeast shore of the bay. At long timescales of the northeasterly blowing wind, the two-layered fluid will be deflected to the right of the wind direction due to the Coriolis force. This simple hydrodynamic explanation to the blue tide occurrence was found to be consistent with some previous studies [5] [6] [7] 9, 12, 15] . Although it seems difficult to determine the specific time at which the Coriolis force starts to play a role, this time scale could be simply estimated as two days in this study based on the numerical experiments of Matsuyama et al. [15] and Ueno et al. [28] concerning coastal upwelling in Tokyo Bay. Considering that this study focused on blue tides on the northeast shore at the head of the bay, the influence of the Coriolis force could be regarded as negligible when the northeasterly wind did not exceed two days in this preliminary study, greatly facilitating the derivations of the analytical solution. Thus, after further neglecting the non-linear terms that were considered to be negligible by Csanady [29] for large stratified lakes or estuarine bays, rewritten as the momentum and continuity equations for the upper and lower layers, they are, respectively:
The upper layer:
The bottom layer:
where u and u are the vertically averaged horizontal velocities in the x direction for the upper layer and the lower one, respectively, ζ and ζ are the displacements of the surface and density interface, respectively, τ s is the surface-wind stress in the x direction, τ I and τ B are the interfacial friction and bottom friction for the two-layered fluid in the x direction, respectively, h and h are the thicknesses of the upper and lower layers, respectively, ρ and ρ are the densities of the upper and lower layers, respectively, with the density contrast, ε, between such two layers being (ε = (ρ − ρ)/ρ ), g is the gravitational acceleration, and t is the time. As Figure 2b illustrates, we conveniently chose the origin point of the right-handed coordinate system to be the point at which both the surface displacement ζ and the interfacial displacement ζ are zero, and 1 and 2 are the distances between the northeast shore and the origin and between the southwest shore and the origin, respectively. Moreover, in order to derive the analytical solution, we considered a specific steady state in which the displacement of the interface intersects the surface displacement on the northeast shore. At this point, there is a clockwise circulation in the upper mixed water layer and an anti-clockwise circulation in the bottom water layer, so that u = 0 and u = 0. Further, if we assume that the interfacial friction can be expressed as proportional to the velocity difference between the upper and lower layers and that the bottom friction can be expressed as proportional to the velocity of the bottom layer, it can be readily found that τ I = τ B = 0 in this study. Substituting such conditions into Equations (1)-(4) and considering the critical conditions for the occurrence of blue tide, i.e., ζ (− 1 ) + |ζ(− 1 )| = h, can give rise to 
Note that the displacements of the surface and density interface, ζ(x), ζ (x), are not linear functions of x, and further, it can be observed from Equation (5) that increasing wind stress τ s /ρ gives rise to large values for ζ (− 1 ) . and |ζ(− 1 )| here (ζ (− 1 ) + |ζ(− 1 )| > h). Thus, Equation (6) could represent the minimum wind stress for the occurrence of blue tides on the northeast shore of the research area. It should also be noted that there are some simplifications and assumptions involved in the derivation of the analytical solution, but it gives a simple relation for characterizing the dependence of wind conditions on the stratification properties and geometrical properties of the two-layered fluid. Furthermore, this proposed analytical solution shows its validity by comparison with real cases with and without blue tides as presented in the following section. Relaxing such simplifications and assumptions in the derivation process of the analytical solution should be worthy of further investigation in future research.
In general, surface-wind stress can be expressed as a quadratic function of wind speed as follows [14, 15, 26] : τ s = ρ a γ 2 a w 2 , where ρ a is air density (1.23 kg/m 3 here), γ 2 a is the surface-drag coefficient (here it can be taken as γ 2 a = 1.30 × 10 −3 , as adopted by Matsuyama et al. [15] , Suzuki and Matsuyama [26] and Takahashi et al. [14] ), and w is the average wind speed measured 10 m above the still surface. Substituting this relation into Equation (6) could lead to the minimum wind speed for the blue tide occurrence on the northeast shore of the bay expressed as w = 1.06h ρgε/ρ a γ 2 a L. A simple graphic analysis is employed to explore the sensitivities of the analytical solution to the incorporated five parameters, i.e., the density of the upper layer ρ, the density of the bottom layer ρ , the thickness of the upper layer h, the length of the research area L, and the surface-drag coefficient In the two-layered fluid system, either decreasing the density of the upper, well-mixed water layer (as presented in Figure 3a ) or increasing the density of the bottom water layer (as presented in Figure 3b ) means increasing the relative gravity of the bottom oxygen-depleted water layer against the surface wind effect, which makes coastal upwelling more difficult. This point agrees with the findings of a numerical experiment by Matsuyama et al. [15] on coastal upwelling in Tokyo Bay, which clearly showed that coastal upwelling is likely to occur in early autumn because the density stratification between the upper and bottom water layers in Tokyo Bay becomes weaker during that period. This point is also in accordance with the observational results of laboratory experiments of Yoon et al. [17] [18] [19] concerning wind-driven stratified flow in enclosed or open water bodies, which clearly indicated that the velocity of coastal upwelling is higher and the time needed for the density interface to reach the surface becomes shorter for the experimental cases with a small density contrast. Increasing the thickness of the upper water layer means lengthening the spatial distance of coastal upwelling on the northeast shore, which causes coastal upwelling to be more unlikely, as presented in Figure 3c . It is obvious from Figure 3d that coastal upwelling becomes easier as the length of the research area increases. A simple interpretation from a geometrical perspective is as follows. For a long research area, the imposed surface wind stress induces a large tilt of the surface, which leads to a large pressure gradient between the southwest shore and the northeast shore. This pressure gradient causes a large tilt of the density interface, which makes coastal upwelling more likely on the northeast shore. It can be found from Figure 3e that a large surface-drag coefficient means a strong surface wind stress, making coastal upwelling become easier on the northeast shore. These analyses were found to be consistent with a qualitative understanding of the wind-driven coastal upwelling.
Comparison with Observational Data

Handling of the Observational Datasets
We have collected complete observational datasets concerning the occurrence of wind-driven blue tides at the head of Tokyo Bay during 1978-2016. Datasets for 2001-2016 were provided as anoxic water reports from the Fisheries Research Center of Chiba Prefectural Government, Japan, and they can be downloaded from the Chiba prefecture homepage: http://www.pref.chiba.lg.jp/lab-suisan/suisan/suikaisokuhou/index.html; Early datasets during 1988-2000 are extracted from annual reports of the Chiba prefectural laboratory of water pollution, and more information can be found at the website: http://www.pref.chiba.lg.jp/lab-suisan/index.html; Earlier data during 1978-1987 could be found in the paper by Nakatsuji et al. [16] . In the two-layered fluid system, either decreasing the density of the upper, well-mixed water layer (as presented in Figure 3a ) or increasing the density of the bottom water layer (as presented in Figure 3b ) means increasing the relative gravity of the bottom oxygen-depleted water layer against the surface wind effect, which makes coastal upwelling more difficult. This point agrees with the findings of a numerical experiment by Matsuyama et al. [15] on coastal upwelling in Tokyo Bay, which clearly showed that coastal upwelling is likely to occur in early autumn because the density stratification between the upper and bottom water layers in Tokyo Bay becomes weaker during that period. This point is also in accordance with the observational results of laboratory experiments of Yoon et al. [17] [18] [19] concerning wind-driven stratified flow in enclosed or open water bodies, which clearly indicated that the velocity of coastal upwelling is higher and the time needed for the density interface to reach the surface becomes shorter for the experimental cases with a small density contrast. Increasing the thickness of the upper water layer means lengthening the spatial distance of coastal upwelling on the northeast shore, which causes coastal upwelling to be more unlikely, as presented in Figure 3c . It is obvious from Figure 3d that coastal upwelling becomes easier as the length of the research area increases. A simple interpretation from a geometrical perspective is as follows. For a long research area, the imposed surface wind stress induces a large tilt of the surface, which leads to a large pressure gradient between the southwest shore and the northeast shore. This pressure gradient causes a large tilt of the density interface, which makes coastal upwelling more likely on the northeast shore. It can be found from Figure 3e that a large surface-drag coefficient means a strong surface wind stress, making coastal upwelling become easier on the northeast shore. These analyses were found to be consistent with a qualitative understanding of the wind-driven coastal upwelling.
Comparison with Observational Data
Handling of the Observational Datasets
We have collected complete observational datasets concerning the occurrence of wind-driven blue tides at the head of Tokyo Bay during 1978-2016. Datasets for 2001-2016 were provided as anoxic water reports from the Fisheries Research Center of Chiba Prefectural Government, Japan, and they can be downloaded from the Chiba prefecture homepage: http://www.pref.chiba.lg.jp/lab-suisan/ suisan/suikaisokuhou/index.html; Early datasets during 1988-2000 are extracted from annual reports of the Chiba prefectural laboratory of water pollution, and more information can be found at the website: http://www.pref.chiba.lg.jp/lab-suisan/index.html; Earlier data during 1978-1987 could be found in the paper by Nakatsuji et al. [16] .
Concerning the wind datasets, we simply adopted real-time sets measured at the Edogawarinkai station to represent the entire wind condition across the head of Tokyo Bay (as indicated in Figure 1) Water 2017, 9, 744 9 of 23 considering the geographic distribution of measurement stations for wind conditions provided by the Japanese Meteorological Agency (JMA) in Tokyo Bay. These datasets during 1978-2016 can be downloaded from the official website of the JMA: http://www.data.jma.go.jp/obd/stats. Furthermore, we used the hourly wind datasets (including wind speed and wind direction) that are the most accurate at present to calculate the average wind speed before each occurrence of blue tide on the northeast shore of the bay.
The density contrast and thicknesses of the upper, well-mixed water layer presented in the analytical solution needs to be estimated for all real cases of blue tides. To calculate two such parameters, we simply used the real-time datasets of water quality monitoring measured by the Chiba Light Beacon (CLB) provided by the Hydrographic and Oceanographic Department (HOD) of the Japanese Coast Guard (JCG) (the geographic location of the CLB was also indicated in Figure 1 ) to represent the entire stratification condition across the head of Tokyo Bay. These datasets include water temperature, salinity, dissolved oxygen, chlorophyll a and turbidity, and they can be extracted from the official website: http://www4.kaiho.mlit.go.jp/kaihoweb. Once the temperature and salinity values of the surface layer water and bottom layers water are known, the densities of the upper, well-mixed water layer and the bottom, oxygen-depleted water layer can be calculated using the formula presented in McCutcheon et al. [30] , used by many researchers [31] [32] [33] [34] [35] [36] Table 2 lists monthly mean values and algebraically averaged values of the thickness of the upper, well-mixed water layer during 2003-2016 based on real-time data taken at the CLB. Finally, it should be noted that this study did not use the spatially averaged wind data and stratification data in the bay, considering a lack of long-term real-time data taken at different locations except the CLB. Table 3 presents information regarding real cases of blue tides observed on the northeast shore of Tokyo Bay from 2003 to 2016. The first column shows the occurrence dates and areas of the blue tides. The measured average wind speed, w m1 , of the northeasterly wind before the occurrences of the blue tides is presented in the second column using measurement data from the Edogawarinkai station provided by the Japanese Meteorological Agency. Stratification conditions for the water body at the head of Tokyo Bay, including the temperature, salinity and density values of the upper, well-mixed and bottom, oxygen-depleted water layers and the thicknesses of the upper, well-mixed water layer are shown in the third column using measurement data from the CLB. Using these values, the analytical solution for each real case, i.e., the modelled wind speed, w m2 , could be calculated as presented in the last column. The results regarding whether the real cases satisfy the calculated analytical solution are presented in Figure 4 , which indicates that eight of the nine real cases of blue tides on the northeast shore of Tokyo Bay agreed well with the proposed analytical solution. Representative values for stratification conditions of the two-layered fluid at the head of Tokyo Bay are shown in the third column, and using these values, the analytical solution for each real case, i.e., modelled wind speed, 2 m w , could be calculated accordingly as presented in the last column. The results regarding whether real cases satisfy the calculated analytical solution can be found in Figure 5 . In general, 31 of 33 real blue tide cases were in accordance with the calculated analytical solutions. Considering that there are simplifications and assumptions involved, we suggest that the proposed analytical solution shows its validity. Table 4 presents all the information regarding the real cases using the representative stratification values for each month in Tables 1 and 2 . Occurrence dates and occurrence areas of the blue tides are listed in the first column. The second column shows the calculated average wind speed of northeasterly wind, w m1 , before the occurrences of the blue tides. Representative values for stratification conditions of the two-layered fluid at the head of Tokyo Bay are shown in the third column, and using these values, the analytical solution for each real case, i.e., modelled wind speed, w m2 , could be calculated accordingly as presented in the last column. The results regarding whether real cases satisfy the calculated analytical solution can be found in Figure 5 . In general, 31 of 33 real blue tide cases were in accordance with the calculated analytical solutions. Considering that there are simplifications and assumptions involved, we suggest that the proposed analytical solution shows its validity. Representative values for stratification conditions of the two-layered fluid at the head of Tokyo Bay are shown in the third column, and using these values, the analytical solution for each real case, i.e., modelled wind speed, 2 m w , could be calculated accordingly as presented in the last column. The results regarding whether real cases satisfy the calculated analytical solution can be found in Figure 5 . In general, 31 of 33 real blue tide cases were in accordance with the calculated analytical solutions. Considering that there are simplifications and assumptions involved, we suggest that the proposed analytical solution shows its validity. As already mentioned, the computational cost of the analytical solution was to estimate densities of the upper and lower layers and the thickness of the upper, well-mixed layer based on stratification data provided by the CLB. This cost is not large, and the analytical solution is a simple and feasible method for estimating critical wind conditions under which blue tides can occur at the head of the bay.
Comparison with Real Cases of Blue Tides on the Northeast Shore
Comparison with Real Cases Lacking Blue Tides
To further verify the validity of the proposed analytical solution, we simply compared it with real cases in which continual blowing of a northeasterly wind did not lead to occurrences of blue tides on the northeast shore of Tokyo Bay, as shown in Table 5 . The first column shows the dates and average wind speed conditions, w m1 , for each real case, based on measurement data on wind conditions at Edogawarinkai station provided by the Japanese Meteorological Agency (http://www.data.jma.go.jp/ obd/stats). For each real case, the second column presents the data on the stratification conditions, including the measured surface and the bottom temperature and salinity values, the calculated density values for the upper, well-mixed water layer and the bottom, oxygen-depleted water layer, and the estimated values for the thickness of the upper, well-mixed layer based on real-time measured data at the CLB as provided by the HOD, Japan (http://www4.kaiho.mlit.go.jp/kaihoweb). The third column shows the modelled minimum wind stresses, w m2 , calculated using those values for the blue tide cases occurring on the northeast shore. The results regarding whether real cases satisfy the calculated analytical solution are presented in Figure 6 . For most (84.94%) of the real cases in which continual blowing of the northeasterly wind did not lead to the occurrence of blue tides, the measured wind speed is insufficient to produce coastal upwelling on the northeast shore of the bay when compared to the analytical solution. Considering that there are simplifications and assumptions involved, it could be suggested that the proposed analytical solution shows its validity also for real cases in which continual blowing of the northeasterly wind did not lead to the occurrence of blue tides. Further relaxing such simplification conditions and assumptions should be the goal of future research.
As already mentioned, the computational cost of the analytical solution was to estimate densities of the upper and lower layers and the thickness of the upper, well-mixed layer based on stratification data provided by the CLB. This cost is not large, and the analytical solution is a simple and feasible method for estimating critical wind conditions under which blue tides can occur at the head of the bay.
To further verify the validity of the proposed analytical solution, we simply compared it with real cases in which continual blowing of a northeasterly wind did not lead to occurrences of blue tides on the northeast shore of Tokyo Bay, as shown in Table 5 . The first column shows the dates and average wind speed conditions, 1 m w , for each real case, based on measurement data on wind conditions at Edogawarinkai station provided by the Japanese Meteorological Agency (http://www.data.jma.go.jp/obd/stats). For each real case, the second column presents the data on the stratification conditions, including the measured surface and the bottom temperature and salinity values, the calculated density values for the upper, well-mixed water layer and the bottom, oxygen-depleted water layer, and the estimated values for the thickness of the upper, well-mixed layer based on real-time measured data at the CLB as provided by the HOD, Japan (http://www4.kaiho.mlit.go.jp/kaihoweb). The third column shows the modelled minimum wind stresses, 2 m w , calculated using those values for the blue tide cases occurring on the northeast shore.
The results regarding whether real cases satisfy the calculated analytical solution are presented in Figure 6 . For most (84.94%) of the real cases in which continual blowing of the northeasterly wind did not lead to the occurrence of blue tides, the measured wind speed is insufficient to produce coastal upwelling on the northeast shore of the bay when compared to the analytical solution. Considering that there are simplifications and assumptions involved, it could be suggested that the proposed analytical solution shows its validity also for real cases in which continual blowing of the northeasterly wind did not lead to the occurrence of blue tides. Further relaxing such simplification conditions and assumptions should be the goal of future research. 
Discussion and Concluding Remarks
Discussion
Occurrences of blue tides result in substantial economic losses to coastal fisheries at the head of Tokyo Bay. Thus, it is important to estimate critical wind conditions under which coastal upwelling associated with blue tide could occur in Tokyo Bay. Compared to a mesh-based numerical modelling approach, the analytical solution adopted in this study can roughly estimate the critical wind conditions with lesser computational cost, and it also facilitates a qualitative understanding of the factors that influence the occurrence of blue tide and what these effects are. Once the densities of the upper and lower layers, the thickness of the upper, well-mixed layer and the observed wind conditions are estimated based on real-time stratification data provided by the CLB and meteorological data provided by JMA, the analytical solution can provide a simple evaluation of whether the blue tide could occur at the head of Tokyo Bay.
The weakness of the proposed analytical model is that it has been derived based on some simplifications and assumptions. These simplification and assumption conditions that are applicable to Tokyo Bay mainly include that (1) the irregularities of the bay coastline were neglected; (2) the bay water depth was assumed to be same everywhere; and (3) a simple wind-driven two-layered fluid model was assumed to be representative of the actual stratified condition of the bay. For similar engineering conditions such as reservoirs, lakes and estuarine embayments in other parts of the world, if these simplifications and assumptions are still applicable, the analytical solution proposed in this study could still show its validity for estimating critical wind conditions under which wind-driven upwelling could happen. Climate change has non-negligible effects on the surface wind field at the top of Tokyo Bay and stratification conditions of water bodies within the bay through fresh water and seawater interaction, but if the real-time wind and stratification conditions of the water body in the bay are known, the analytical solution could still provide simple criteria to predict if a blue tide could occur at the head of Tokyo Bay.
Concluding Remarks
Blue tides at the head of Tokyo Bay are a hydro-environmental phenomenon where seawater appears to be milky blue due to the reflection of sunlight off of surface water that contains large amounts of sulphur particles. Its appearance is due to the coastal upwelling of bottom oxygen-depleted water induced by northeasterly wind-driven circulation. The occurrences of blue tides cause the death of many shellfish and other aquatic animals across the head of Tokyo Bay, consequently resulting in substantial economic losses to coastal fisheries. This paper examined the occurrence of wind-driven blue tide in Tokyo Bay, based on a simplified hydrodynamic model and observational analysis. The model assumed a two-layered fluid structure with a wind-driven upper water layer and a bottom oxygen-depleted water layer. In this study, we derived a simple analytical solution to determine the critical wind condition for which the lower layer outcrops if the wind forcing is sufficiently strong, resulting in mixing of the two layers and giving rise to blue tide. The results of sensitivity analyses of the analytical solution to all incorporated factors were found to be in accordance with qualitative understandings of the blue tide phenomenon. Moreover, the proposed analytical solution showed its validity by comparison with observational data from real cases of blue tide during 1978-2016 and without blue tide during 2003-2016. This study would be helpful for a better understanding of the hydro-dynamic mechanism of blue tide in the blue tide community. It should also be noted that although the analytical solution could present a simple relation for characterizing the dependence of wind conditions on the stratification properties and geometrical properties of the two-layered fluid, there are some large simplifications and assumptions in deriving it. Further relaxing such simplifications and assumptions should be the goal of further investigation in future research. In this regard, a more realistic three-dimensional hydrodynamic model could show its capacity to more systematically investigate the underlying dynamics of upwelling and mixing.
